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Abstract

Requirements for missile guidance and stealth properties are changing and becoming more stringent. There is no up-to-date
synthesis relating rocket motor plume properties to these new requirements. The work performed and recently finished within
PEP WG 21 has formed the basis for this Lecture Series.

The scope of the Lecture Series will be rocket motor exhaust products and plumes in all their aspects. Plume properties will be
addressed and methods of numerical simulation and experimental assessment described.

Specifically, plume structure, after-burning phenomena, primary and secondary smoke, plume radiation signatures and plume
microwave interactions will be described in detail.

Operational aspects linked to these topics will discuss how rocket plumes influence missile detection, guidance and tracking.
Ways in which plumes may be modified to reduce or eliminate this influence will be suggested.

Abrege

Les spdcifications en matiere de guidage de missiles et de caractdristiques de furtivit6 6voluent et deviennent plus rigoureuses.
Or, il n'existe aucune etude de synthbse recente qui permet de confronter les caracteristiques des jets des moteurs-fusees avec
ces nouvelles exigences. Les travaux entrepris par le groupe de travail PEP WG 21, qui viennent de s'achever, ont servi de base i
ce cycle de conferences.

Les conferences couvriront tous les aspects des jets des moteurs-fusdes et des produits imis par ceux-ci. Les caract&istiques des
jets de propulseur seront examinees et les mithodes de simulation numdrique et d'dvaluation expdrimentale seront discut(es.

En particulier, la structure des jets, les phinomines de postcombustion, les fum6es primaires et secondaires, les signatures par
rayonnement des jets et les interactions/jets hyperfrdquences seront decrits dans le dMtail.

Les consequences op~rationnelles liMes i ces sujets montreront l'influence des jets des moteurs-fusdes sur la ditection, le
guidage et la poursuite. Des propositions seront faites pour ]a modification des jets afin de rdduire ou d'6liminer cette influence.

Wi
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INTRODUCTION

R LAWRENCE

DRA Office

c/o Royal Ordnance

Westcott

Aylesbury
Bucks HPI8 ONZ

Rocket plume technology has been a subject tracking signals pass through regions of the

of interest and study for many countries engaged exhaust they undergo losses and distortion
in missile design and manufacture. For successful depending upon the local properties encountered
operational deployment of missile systems it is along the path through the plume and the
necessary to quantify the exhaust properties of wavelength of the interacting incident wavefront.
the propulsion unit and its effects on missile
guidance, tracking and signature. AGARD In the context of detection, a rocket exhaust
Lecture Series 188 addresses some major topics of signature is regarded as that set of properties
this subject. The Series stems from the work of which may enable an observer to detect, locate
AGARD PEP Working Group 21 which and identify a missile. Millimctric, infra-red,
investigated the question of terminology in the visible and ultra-violet radiations from an exhaust
field of solid propellant rocket exhaust signatures afford opportunities for the passive detection and
with a view to agreeing and recommending a identification of a missile. Propellant chemical
common terminology. Particular emphasis was species contributing to a unique spectral pattern
placed on the classification of propellants in terms may well provide this identification. Equally,

of Primary and Secondary smoke. The work rocket exhausts often produce 'Primary smoke'
resulted in the submission of a final report which (originating in the motor) or 'Secondary smoke'
became AGARD Advisory Report 287 entitled (plume condensates) which may also be detected
"Terminology and Assessment Methods of Solid by passive means. These form an observable
Propellant Rocket Exhaust Signatures". Principal contrast of exhaust smoke against background.
subjects were Primary and Secondary smokes, Active detection is also possible where free
smoke classification, plume radiation and electrons populating the turbulent flowfield act to
microwave properties. These were preceded by an present a radar cross section to an interrogating
introduction and comprehensive overview and radar.
supported by appendices.

To reduce the risk of detection, the rocket
The recommended 'Smoke Classification' exhaust signature must be minimised and some

went forward to become a NATO standard. propel'ants offer distinct advantages over others
in this respect. Double base propellants are often

With few exceptions the exhaust of a rocket favoured where secondary smoke is likely to cause
motor is seen as an embarrassment to the missile concern, without the formation of acid vapours in
user. The nature of the exhaust, characterised by the plume, condensation occurs only in ambient
the very rapid flow of chemically reacting, high conditions of extreme temperature and humidity.
temperature turbulent gases, presents a problem to Impressive reductions in plume signature are
the missile design team having concern for witnessed when the exhaust is prevented from
guidance, tracking and vulnerability to detection. burning and, in certain cases, this can be achieved

by using one of the double base range of
Where electromagnetic guidance and propellants with a combustion suppressant added.
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This suppression of burning, while reducing A definitive description of the plume
millimetric, infra-red, visible flame, and some flowfield has yet to be established. Although
ultra-violet radiations, must not be at the expense modelling techniques continually improve, the
of increased smoke, itself -art of the overall stage has not been reached where they can be
signature. reliably used without experimental validation. The

aims of a plume study group must be to perfect
Over many years, measurements of plume these techniques validated by experiments. Rocket

emitted radiations, of microwave propagation and exhaust technology is a field where research and
back scatter have been undertaken on ground level project support can profitably proceed together in
open sites and, where appropriate, in facilities common programmes of prediction validation and
simulating missile forward velocity and altitude. ballistic trials.
These facilities are expensive and cannot provide
for an entire range of missiles or for every The subjects of WG21 with strong emphasis
operational situation. Fully instrumented, carefully on exhaust signatures were taken as a guide for
planned and executed flight measurements are the the Lecture Series and in doing so it was
ideal answer, but again these are very expensive recognised that two further subjects should be
and can come only at the post design stage, well included: that of propulsion in the context of solid
into the development programme. Problems found propellant rocket motors for tactical weapons,
at this time are costly to remedy, with changes with low exhaust signatures as a major feature,
strongly resisted. and that of theoretical plume modelling which,

from the foregoing, plays a prominent role in all
It is not difficult to see the attractions of aspects of rocket exhaust studies. Only in exhaust

reliable computational techniques for the properties related to microwaves has propagation
prediction of flowfield properties where, early in through the plume been considered. Traditionally
system design studies, calculation of these and to this day, microwave radar systems have
properties and their effect on a proposed system played an important role in missile guidance and
can become available as input data to operational tracking. With such prominence, propagation
assessment. In addition, such plume modelling aspects merited inclusion. This is not to suggest
permits a rapid response to system problems and that other propagation wavelengths from the
provides opportunities to make well informed electromagnetic spectrum are not used to good
predictions in situations where motors are not effect and instance as an example, infra-red laser
available, such as those of an adversary, beam guidance.
Diagnostic value is also substantial when studying
the effects of exhaust modifications, e.g. flame Launch site blast and contamination effects
suppressants, signature reduction, etc. of the exhaust and aircraft engine ingestion of

rocket exhaust products have not been included in

Exhaust structures are complex. Working the lecture programme.
from computed combustion processes inside the
motor and expansion of gases through the nozzle,
an additional calculation develops the plume
flowfield structure, a distribution in space of
temperatures, velocities, pressures, chemical
species concentrations and turbulence properties.
The exhaust properties of interest, e.g. infra-red
radiations, millimetric emissions, etc., are
evaluated by selecting the appropriate application
code to interface with the plume flowfield
structure. This is simply stated, but is in reality a
process posing a severe challenge to theoretical
modelling skills as it attempts to describe the
turbulent mixing of exhaust gases and surrounding
ambient air streams, the many chemical reactions
occurring in the exhaust and the gas dynamic
features of shocks and recirculation.
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PLUME PRIMARY SMOKE

J.C. Chastenet

S.N.P.E. Centre de Recherches du Bouchet
BP 2. 91710 Vert-le-Petit . FRANCE

Particles become important because they

ABSTRACT generally exist everywhere downstream of the
nozzle and they remain a certain time. Ac-

The exhaust from a solid propellant rocket cording to the quantity of particles created by

motor usually contains condensed species. the motor, this trail can be easily detected vi-

These particles, also called "Primary Smoke", sually and can reveal the missile trajectory or

are often prejudicial to missile detectability the launch position from long distance. Also

and to the guidance system . To avoid oper- attenation of laser guidance beams can occur

ational problems it is necessary to know and during transmission through these consider-

quantify the effects of particles on all aspects able lengths of exhaust plume smoke.

of missile deployment.
Generally, primary smoke are prejudi-

This paper first gives a brief description of cial,but unavoidable, to missile detectability

the origin of the primary smoke. It continues and to the guidance system . The objet of
with details of the interaction between par- this paper is to give descriptions of (i) the

ticles and light as function of both particles origin of the primary smoke, (ii) their effects
and light properties (nature, size, wavelength, on plume visibility and transparency and (iii)

etc). The effects of particles on plume visi- various methods used in NATO countries to
bility , attenuation of an optical beam propa- quantify the primary smoke effects.
gated through the plume and the contribution
of particles on optical signatures of the plume This paper is a review of the chapter pre-

are also described. Finally, various methods pared by the french delegation of AGARD

used in NATO countries to quantify the pri- WG 21 (1J.
mary smoke cffecte n-- discussed.

2. ORIGIN OF PRIMARY SMOKE
1. INTRODUCTION

Particles have a variety of origins. Propel-
The exhaust from a solid propellant rocket lant formulation is only one and among pro-

motor are composed of gases and usually of pellant ingredients, the main contributors to
particles or material that could condense dur- primary smoke are :
ing cooling of the combustion gases . This
solid material creates, in the atmosphere, * Burning rate catalysts : Ferrocene corn-

downstream from the nozzle a smoke cloud pounds (catocene), lead oxides, lead salt

composed of small particles. This smoke is (lead resorcinate), copper salts (copper

called Primary Smoke in opposition to smoke chromate), iron oxides, etc

that could be generated, in particular climatic * Anti-instability additives : Zirconium
conditions, by the condensation of the water carbide, zirconium oxide, silicon carbide,
vapor contained in the exhaust and in the at- etc.
mosphere.
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* Aluminium or other metals added to in- e The size of the cloud or the optical path
crease the thermodynamic performances accros the cloud

* Afterburning suppresant : Potassium e Particle concentration
salts (K 2 S0 4)

e The optical wavelength
This list is not exhaustive.

e The optical properties of particles defined
Thermodynamic computations have shown by

that these products, mostly metal compounds,
are to be found in the exhaust as raw metal - Their complex optical index
(Cu), hydroxides (KOH) or more often as ox- - Their size and size distribution
ides, chlorides or fluorides. Some refractory
materials (mostly anti-instability additives) - Their shape, roughness, etc
do not decompose in the combustion cham-
ber and are discharged as particles through The first two parameters are closely con-

the nozzle. nected with motor performance and particu-
larly the mass flow rate, thrust and combus-

Other than the propellant, all motor parts tion time.
which are exposed to flame may pyrolise or
ablate and generate smoke. The main con- Since it is difficult to describe arbitrary
tributors are shaped particlcs, they are often considered to

be spherical in calculations.
* liner

9 inhibitor 3.1 Interaction between light and par-
ticle

* thermal insulation
The interaction between light and a parti-

cle can be obtain by resolving Maxwell's equa-
Their contribution can be significant, typi- tions with appropriate boundary conditions.

cally in the form of soot (carbon), silica and The light scattering theory generally distin-
iron oxide, especially during and after burnout guishes three different cases over each of the
of the motor. Finally, the igniter may also play following ranges:
a significant role in the generation of primary
smoke. When the particle diameter is far smaller

than the wavelength, the scattering
3. OPTICAL EFFECTS OF is called Rayleigh scattering. Equal

PRIMARY SMOKE amounts of fluxes are scattered into the
forward and backward hemisphere (fig.

Particles or particle clouds interact with I a) [2].
light in two ways, scattering and absorp-
tion. Scattering of the ambient light can maku When the particle diameter is greater
smoke highly visible and a major contribu- than about one-tenth of the wavelength,
tion to missile signature in the visible spec- the greater overall scattering and pattern
tral range. Attenuation by smoke can inter- complexity (fig. lb and lc) requires that
fere with a guidance system that should be the theory developped by Mie must be
used between the launching platform and the used. Although this theory is confined
missile or its target. solely to isotropic spheres, it is custom-

ary to employ it even when the particles
These phenomena depend upon various fac- may be somewhat irregular in shape as

tors: those issuing from propellant.



* When the particle diameter is very large and C (soot) when ' 450 (defined in fig. 5).
with respect to the wavelength, it is nec-
essary to apply laws of geometrical optics. Optical properties of particles are given in

the form of dimensionless parameters. The in-
The particles collected in rocket exhaust tensity "intercepted" 1,,t (e.g. not transmit-

plumes with various mass flow rates show that ted in the direction of the incident light) by
equivalent diameters r•t non aggregate parti- the particle is proportional to i) the intensity
cles lay between 0. 0 Am to 30.0 prm. A large of the incident light, ii) the section of the par-
number of smald.i ,articles with diameters prob- ticle and is written
ably in the range 0.01 pm to 0.1 pm also ex-
ist, b'it they are difficult to quantify and their
size precludes important scattering over the IO1rQeZt
visible region of the electromagnetic spectrum The coefficient of proportionality Qezt is called
(fig. 2). the extinction coefficient.

The total intensity scattered I,,,, by the par-
Figures 3 and 4 show photographs of par- ticle is also related to the same parameters:

ticles collected in plumes. The assumption of
spherical particles can be well or less well ver- 2
ified. Ion r

and defines the scattering coefficient Q~,3 - A
In the visible, near or middle infrared, theandeisthsctrngofiintQ,.Aimportant scatteribe, n sear eramddlesrin ed, te part of the intensity of the incident light can

important scattering is generally described by be absorbed by the particle and is caracterised
Mie's theory. by the absorption coefficient Qab, obtained

from difference
Following this theory, when a particle of

complex index m =- n - ik is illuminated by
unpolarized light, at the wavelength \, repre- QabB = Qezt - Qsca
sented by two electromagnetic vectors perpen- In the optical parameters of the particle, the
dicular and parrallel to the plane of observa- absorption properties are charaterised by a
tion (fig. 5) but having no coherent relation- complex refractive index (k $ 0).
ship, the scatterred light, in a direction mak-
ing a angle 9 with the direction of the incident These coefficients can be calculated by Mie's
light, consists of two incoherent components theory, for exemple an expression of the wcat-
(indexed 1 and 2) such that the total angular tering coefficient, for unpolarized light, is
intensity , at a distance d from the particle, is

Qo = ( \ T(f,(O) + -2(g) sin #d&

IM() = 10 +2N 2 Typical variations of Qe!i are given in figure
7. An example of the influence of the imagi-

where 10 is the irradiance of the particle and nary part of the index on the scattering and
ii and i2 are the Mie functions, expressed by extinction coefficient is given in figure 8.
Riccati-Beesel functions and Legendre polyno-
mials as functions of the dimensionless size pa- 3.2 Attenuation
rameter a = 2r and P = ma where r is the
radius of the particle (see 131 or 141 for more The radiation intensity loss dl due to pri-
information). mary smoke is the consequence of the scat-

tering and absorption by particles and can
Figure 6 gives typical relative variations of be expressed according to the Beer-Lambert-

log i and log i2 versus 0 for particles of A12 03 Bouguer law for monodispersion:
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Figures 9 and 10 show the nature of par-

di _ red!ticles in an original way. Two graphs, repre-
Ssenting different wavelengths, show the parti-

cle mass fraction inducing a transmission fac-
where r is radius of the particles, N the tor of 95 % across a given particle cloud (op-
concentration of particles (number of parti- tical path= 1 m, dilution = 5. 10-2) as a
cles/volume of mixture), Qet the extinction function of particle size. The mass fraction
coefficient and dloptical path length. of condensed materials in a given propellant

plume at an equivalent dilution section must
With a constant exponent coefficient, the remain under these curves in order to obtain

transmittance Tr can be written the specific transmission level.

Such representations show that

* Carbone or soot are very absorbing,

whekre -yext = Nxrr 2 Q,.t and L the total opti- whatever the wavelength.

cal path length. * When the particle radius is not too large,
transmission is better in the infrared than

By replacing N by a function of Sauter in the visible region of the electromag-
mean diameter (Volume-to-surface) D3 2 and netic spectrum.
volume concentration of particles Gv (volumeofoparticlese/toaumenoffmixture),sthis evorem- * Copper and lead have similar scatteringof p articles /vo lum e of m ix tu re), th is exp res-fe t r s( u wi h e p ct o on y h e v lsion can by written :features (but with respect to only the vol-

umetric fraction, lead is more transparent

than copper).

T =exp 3QeZtC.L) 3.3 Particles emission
2D 3 2

The scatterring properties of plume parti-
Since the monochromatic beam crossing the ces are at the origin of the signature in the

plume scatters from particles of varying num- visible range. Scattering can also produce a
ber density and size, the equation must be emission in the other part of the electromag-
modified as: netic spectrum. It is true for both the U.V

range and the I.R range where particles can
fIL ( 2 scatter the radiation coming from the combus-

In I/o - N(, r)J'rrQeOt(r)drdI tion chamber by the nozzle throat.

where N(L, r)dr represents the number of par- Furthermore, solid particles emit continuum
tides with radii between r and r + dr per vol- radiation in approximate proportion to the
ume unit at the point I of the path. particle concentration and the fourth power of

their surface temperature obeying the Planck
The extinction coefficient can be predicted function. Specific details of size distribution

as shown in previous paragraph in the limit of and optical properties of the particles signifi-
single scattering. cantly affect this emission. So particles could

product an emission in the UV, visible and I.R
Calculation of the plume flowfield permits region of the electromagnetic spectrum espe-

the transmittance to interface with motor pa& cially in the hot part of the plume (afterburn-
rameters such as mass flow rate or chamber ing region).
pressure by substitution of the parameters C.
and I in the formula. 3.4 Smoke visibility
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The term visibility is generally used to de- A direct measurement is often preferred to

scribe the possibility of detection by an ob- numerical computation which depends upon a
server without the aid of a auxiliary device, large number of ill defined parameters. This is
Quantitatively, visibility is expressed as a particularly the case for optical indices found
probability of detection for a given contrast in the litterarure for pure compounds at room
between the objet (the plume) and its back- temperature. This is also the case for size
ground, in this case the sky. Ignoring chro- distribution. These data applied to particles
maticity factors as being less important than present in the rocket exhaust is highly ques-
luminance contrast, the plume-background in- tionable. Nevertheless, Mie's scattering cal-
herent contrast Co is defined by culations are useful for interpreting results of

measurements and applying to the propellant
Lp - Lb optimization and other aspects of rocket mo-.LP 

tor design.

where LP and Lb are the luminances of the 4. DESCRIPTION OF VARIOUS
plume and the background with respect to a METHODS OF PRIMARY SMOKE
given observation point in a given wavelength ASSESSMENT USED IN NATO
band. The contrast tends to -1 for a ideal AS M NTRU S
black objet and may have a large positive value
if LP > Lb. 4.1 Opacity of primary smoke

Calculation of contrast involves a detailed Opacity is a physical parameter that can be
knowledge of all radiation sources and trans- directly measured and is independent of the
port functions (sunlight, diffuse skylight, dif-
fuse light from ground, etc). The optical o
transmittance Tr appears in the contrast equa- Accurate and validated models for opacity
tion. For a given sunlight making a hypotheti- prediction are still unavailable, but experi-
cal angle of ir with the direction of observation mental techniques have been developed and
(setting sun in the back of observer, plume used for years. From an engineer's viewpoint,
near the horizon), the transmittance appears transmission measurements is the only avail-
for example in the plume luminance expres- able way to assess primary smoke.
sion (assuming single scattering) :

The U.S, the U.K., France , Germany and
S- E 0 -~ (1 - T) Italy are performing plume transmission mea-2'7ezt surements on static test, with the implicit

T, being exp(--yeztL), with L the plume di- assumption that the result of a comparison
mension in the direction of observation and between two motors on a ground static test
E0 the irradiance. should be qualitatively unchanged in flight.

An improvement in ground testing trans-
Moreover transmission through the atmo- parency results is interpreted as an improve-

sphere affects the plume background contrast ment of transparency properties in flight. The
because of the angular scattering of environ- methodology to translate transmission mea-
mental light towards the observer within his surements from static tests into quantitative
cone of vision, flight predictions is not yet available, but it

could be developed with existing techniques.
The transmittance is so one of the more im-

portant parameters that permits to evaluate Therefore, the practical application of
the visibility of the plume under specific envi- plume transparency measurements on static
ronmental conditions. firings is the comparison of propellants or mo-

tors, one with another. In some cas, the
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purpose of these measurements is limited to a carry more sophisticated experiments on pri-
specific study - like the improvement of mo- mary smoke than those of transmission mea-
tor with respect to primary smokes, or the surements: e.g. transmission spectrum, parti-
assessment of new ingredients in a propellant cle sizing and may be particle scattering char-
formulation; the experimental procedure can acteristics.
be defined on a case by case basis. For more
general purposes, such as having a quantita- 4.1.1 Source and detector
tive method for comparing the smoke proper-
ties of broad range of solid rocket propellant The wavelengths of interest are in the
formulations, a widely accepted, standardised 0.4 pm to 14. pm region, the most studied in
procedure is required. the visible range (human eye response). The

transmissometer source could be a wide spec-
In the following paragraphs more details trum lamp (France), a tungsten-halogen lamp

will be given on the instrumentation, exper- (U.S.) or quartz halogen lamp (U.K.) with
imental procedures and interpretation of mea- a suitable detector, silicon cell or radiometer
surements used in the U.S.A [5], the U.K. [6] equiped with a suitable filter (photopic or nar-
and in France [7] for the assessment of primary row band filter).
smoke transparency. For specific studies, the source can be a op-

tical laser (1.06 pm, 0.63 pm, 10.6 pm). In
Three methods are curently used to deter- France, the transmisson at 0.63 pm (He-Ne

mine the opacity of primary smoke during test laser) is considered as a good estimation of
firings : transmission in the visible range.

* Firings in a closed chamber (U.S. The system using the halogen lamp may be

Army Signature Characterization Facility preferable because it avoids the necessity for

(S.C.F.)) (fig. 11). precise alignment between source and detec-
tor, thereby being less succeptible to vibra-

* Firings in a "smoke tunnel" ( U.K. Royal tional disturbances during the motor firing.
Ordnance Smoke Tunnel (fig. 12), French Current systems employ continuous sources
SNPE "Fumim6tre" (fig. 13)). but a chopped source is recommended to

* Free jet firings ( U.K Wyre Forest fa- counteract interference from scattered ambi-

cility (fig. 14) and french SNPE "banc ent light falling on the receiver.

opacim~trique" (fig. 15, 16) for exam- The detector should have a high frequency

pie). It seems to be the most widely used response (like a silicon photodiode) which can

type of procedure in the NATO (excepted record the rapid fluctuations of the smoke
USA). transparency and a spectral response in the

visible and near IR which spans the range of
The three techniques do not share strictly source wavelengths.

common usage. Free jet transmission mea- The energy recorded by the transmissome-
surement is a technique adapted to evaluate ter involves both the direct flux and a small
the complete motor ( propellant + inhibitor portion of the forward-scattered flux. The
+ etc). With some caution it can also be latter comes from a spatial volume, usually
used to rank propellant and inhibitors formu- of double-conical shape, which surrounds the
lations. The same use applies to smoke tunnel source to receiver axis and is defined by the
tests but with more restrictions on the max- angular divergence of the source beam, the
imum thrust of the rocket motor. On the angular field of view of the receiver and the
other hand, the S.C.F. chamber is a facility source to receiver distance. These factors, and
which primarily assesses propellant formula- the receiver aperture area determine the to-
tion. Because of test duration and environ- tal scattered flux received. Typically receivers
mental control, this facility is better suited to with a small angular field of view (< 10*) and
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apertures of a few centimeters are employed in that produce near transparent smoke. These
measuring the nominally direct transmittance measurements are performed over a long path
[8]. length with the transmissometer beam in-

clined at a shallow angle (typically 0.07 tad)

Calibration is generally done by intercept- to the motor axis and intercepting the plume

ing the beam with opaque material (Transmis- axis at a set distance downstream of the motor

sion=0%), various neutral density filters and again beyond any possible afterburning flame

no filter (100 %). The delay between calibra- and usually at the position of the transverse

tion and the firing should be minimized, beam.

4.1.2 Measurements paths 4.1.3 Motor characteristics

In general both transverse and axial mea- In the U.S. Army MICOM S.C.F a 70 g case
surements are performed, each of which has bonded motor (50.8 mm diameter x 50.8 mm
its associated advantages and disadvantages, long, center perforated, 6.4 mm web) with a

smokless igniter and no inhibitor is used. A

Transverse measurements are particularly typical smokeless pyrogen igniter contains one
well suited to propellant ranking, inhibitor as- to three grains of N5 double base propellant.
sessment or the study of additive effects. They Tests have shown that this amount is unde-
are indeed reproducible, constant with time, tectable in the S.C.F.
providing the burning surface area does not
vary during the firing period and tests con- In U.K, low thrust motors (up to 400 N)
ducted near the nozzle exit not affected by sec- can be fired in the Royal Ordnance (RO(S))
ondary smoke. Furthermore, the limited vol- smoke tunnel. Higher thrust motor are fired
ume of cloud viewed transversely gives an op- in an open range facility. To compare propel-
portunity to undertake complementary optical lants within a range of very different burning
measurements. These measurements are car- rates, 1500 N thrust motors of 8 s burn type
ried out at an angle of w/2 rad to the motor with pyrogen (smokeless) igniters are normally
axis. The transmissometer axis must cross the employed. The thrust is adjusted by varying
motor axis at a position dowstream of the af- the diameter for end-burning grains. Adjust-
terburning flame. This can be achieved using ment in grain length can similarly produce a
a constant distance for motors up to a certain constant burning time. However, this is con-
thrust level or by maintaining a set distance sidered less important provided that reason-
downstream of the afterburning flame. The able burning time is exceeded (at least 5 s).
relatively short path length associated with For inhibition development and quality con-
transverse measurements will give transmis- trol, a standard test charge is used. This is a
sions of 90 % - 100 % with low thrust, low 150 mm cased SCB bi-propellant charge con-
smoke, motors. At these smoke levels trans- sisting of boost and sustain propellants having
mission measurements may not be sensitive burning times of 6 s and 20 s respectively at
enough to discriminate between motors. In thrust levels of order of 1000 N and 300 N.
such cases the path length can be increased This charge can be produced in the required
by use of front silvered mirrors but great care inhibitor system and, when fired in an insu-
must be taken to ensure that mirror surfaces lated heavyweight test motor, provides infor-
remains clean and that vibration of the mir- mation on inhibitor smoke, at boost and sus-
rors is prevented during firings. tain burning rates and at those of transition

from boost to sustain. For propellant ingre-
Axial measurements are realistic for smoke dient trial the test charge is produced in a

assessment in a missile guidance context and "smokeless" inhibitor system. Using the range
allow discrimination between similar products of propellant burning rates available at RO(S)
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this charge can have a burning time ranging The results of smoke measurement trials
from 4 s to 80 s at thrust level of 3 kN falling performed on open ranges will always be influ-
to some 150 N using the lowest burning rate enced by atmospheric conditions. It is there-
propellants. fore recommended that control rounds of a

known smoke level are included wherever pos-

In France, transmission measurements are sible and that successive motors are fired as
primary not used to identify propellants quickly as possible to minimise any changes

for classification, but are limited to the which may take place during the duration of

task of studying specific propulsion systems. the trial.

The firing facilities "fumim~tre" and "banc
opacim6trique" function primarily for the as- 4.1.6 Interpretation of the transmission
sessment of smoke produced by inhibitors. For measurements
such work, motors with end burning grains
(diameter 90 mm) of identical propellant for- For transmission in free jet (fig. 17 - 18),
mulation are fired. measurements are time average having before
They are now also used to compare different eliminated the unsteady part of the record at
propellant formulations and to assess the ef- ignition and at the end of the firing. That re-
fect of including additives. These firings em- maining usually maintains a steady mean level
ploy motors with radial burning grains with making the average value representative of ex-
a constant burning surface and a identical in- isting smoke conditions.
hibitor; the motor thrust is typically between
2500 N and 5000 N. For transmission in closed chamber (fig.

19), the steady-state transmission measure-
4.1.4 Motor position ments must be done after full mixing of the

exhaust products and air. The plateau value
In free jet measurements, the height of is interpreted as a charateristic of the primary

the motor axis from the ground should be smoke generated by the formulation. To en-
such that there is no interference between the sure a good estimation of this plateau value,
smoke plume and the ground up to the posi- transmission should be recorded over a period
tion of the transverse transmissometer. Typi- of time significally (typically 10 times) longer
cal distances of 1.3 meters have been used. than the mixing time. In the SCF cham-

ber, the mixing time is approximately 5 s to
4.1.5 Climatic conditions during firing 30 s and measurements must be recorded over

300 s.

Firings should not be carried out in condi-
tions of mist or rain. Conditions of tempera- 4.2 Smoke visibility
tures and humidity should be such as to pre-
elude the formation of secondary smoke. From an operational viewpoint, specifica-

tions for primary smoke visibility should be
The much longer path length involved in the defined in terms of whether or not a missile

axial measurements permits better discrimina- will be visible to an enemy observer. Because
tion between low smoke motors. However, as this factor is sensitive to the operational en-
the path length increases so does the influence vironment, one of a limited number of "typ-
of atmospheric conditions. ical" or "worst-case" environnmental condi-

tions should be defined for the missile, spec-
Recommended maximum crosswind speed is ifying the solar flux, the background, the at-

1. mo- 1 for axial measurements and 3. m8- 1 mospheric conditions or any parameter likely
for transverse measurements.. to affect the visibility.
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Following the US Army Methodology, vis- 4.3 Particles sizing measurement
eye Th maor hyica fa~r deerinig prtile isadificult, compicgmatuedytenpro

ibility can be defined in terms of the proba-
bility of missiles detection by unaided human Determining the size distribution of plumeeyetemiin The major physibcalo facof detrmiie

eye.Themajo phsicl fator detrmiingparticles is difficult, complicated by the prob-
S~visibility are the size and the shape of the lem of never being certain that all particules

p s contrast have been measured or that the distribution
transmissivity of the atmosphere; they can be contains those important particles of interest.
derived from modelling plume flow and scat- In general the largest 10 % of particules rep-
tering of solar flux. Detection probability is resent 90 % of the mass.
related to natural variation in human eye re-
sponse between individuals. In U.S Army Micom S.C.F, particles mea-

surements are frequently obtained by using a
Many well, and less well supported assump- particle analyser system in the range 0.3 pm

tions have to be made in the process. The to greater than 10. um.
main weakness is thought to be the optical
properties of particles. In France, collectings of particles are made

using a particle collector. After the firing.
The theory of interactions between light and the samples are analysed by electron micro-

particles is approached in the paragraph 3.1. scop and X-rays diffraction system. But in
It solves the Maxwell's equations for the inter- fact, these measurements are only used quali-
action between a monochromatic plane wave tatively.
and a spherical particle. It addresses both
scattering and absorption by particles, but re- Caution is necessary when using calculated
quires the knowledge of ill-known parameters particle size distribution for an other purpose
such as the particles size and their optical in- than which they were intended for. For ex-
dex. Furthermore the assumption of spherical ample, in rocket motor performance calcula-
particle shape has to be made. tions in which the effect of particles on deliv-

ered specific impulse is of interest, only the
An experimental approach has been at- larger particles, with most of the mass and

tempted in the U.K., with various methods of drag, are of interest. Models that gives this
measurement. It included measuring the in- distribution are accurate enough 111] without
tensity of the reflected component from high regard to the many smaller particles that may
intensity sources impinging on a smoke cloud be present. Such a distribution would be to-
and photographs of contrast scenes through tally unsuited for calculating UV or visible
the cloud, either at the time of firing or from light scattering 19], and might be inadequate
cine or video records. All of these methods can for accurate determinations of infrared scat-
provide useful information and differing smoke tering as well since , for scattering radiation,
levels can be detected. However no system can the important particle sizes are comparable to
provide all of the required information, the irradiating wavelength.

More complete information can be found 5. CONCLUSION

elsewhere [91 110]. Primary smoke effects depend on motor

characteristics (thrust, mass flow rate), mo-
Smoke visibility is an area where the devel- tor conception (propellant, inhibitor, nozzle,

opment of measuring techniques is required. etc) and a lot of ill-known particles parameters
It may suffice here to emphasize that a com- (quantity, nature, size, shape, optical prop-
plert and accurate assessment methodology is erties, etc) but also on operational require-
unfortunately not available but could be devel- ments and ambient properties (sunlight, back-
oped using present state of the art techniques. ground,etc). It is extremely difficult to define


